ABSTRACT We report the construction of a bovine papillomavirus (BPV)-derived recombinant plasmid that propagates as an extrachromosomal element in both mouse and bacterial cells. Plasmids composed of a 'subgenomic transforming fragment of BPV DNA, a deletion derivative of pBR322, and a 7.6-kilobase fragment of DNA from the human P-globin gene cluster efficiently induce focus formation on mouse C127 cells. BPV-,Sglobin hybrids are maintained in the transformed cells as plasmids with a copy number ofabout 10-30 per cell. Plasmids indistinguishable from the input DNA have been recovered by transformation of bacteria with low molecular weight DNAfrom transformed mouse cells. The human 13-globin gene linked to BPV DNA is transcribed from its own promoter at a high level in these cells. The expression ofBPV-linked cellular genes in conjunction with the ability to shuttde DNA between bacteria and mammalian cells may provide a rapid means of analyzing and recovering genes that confer an identifiable phenotype upon mammalian cells.
Functional analysis of cloned eukaryotic genes requires the study of the expression of normal and mutant copies of these genes introduced into cells. Calcium phosphate-mediated DNA transfer followed by biochemical selection is commonly used to introduce foreign DNA into cells in culture, but multiple copies ofthe cloned gene are frequently rearranged orjoined to diverse segments ofcarrier or host cell DNA (1, 2) . Moreover, the transcriptional activity ofa cloned gene often differs in independent transformants, possibly reflecting effects of different adjacent DNA sequences. Analysis of cell lines containing multiple copies of the cloned gene may be difficult because only one or a small subset of the genes present may be expressed or specifically respond to inducers of gene expression.
As an alternative approach which may circumvent some of those problems, Howley and his co-workers demonstrated that bovine papillomavirus (BPV) DNA could be used as a cloning vector to introduce cloned eukaryotic genes into mammalian cells in culture (3) . The unique feature ofthis vector is its ability to propagate as a multicopy plasmid in stably transformed mouse cells (4) . Because the plasmids within any one transformed cell line apparently are identical, within such a cell line all copies of a gene cloned on BPV vectors are in a uniform sequence environment. In addition, it may be possible to purify minichromosomes containing BPV-linked genes and associated X Skoteins. Unortunately, when BPV DNA or a subgenomic fragnunt *Rh btaforming activity is inserted into the bacterial plsmid pBI22, the efficiency of focus formation is reduced by 2 ofrd te (5) . The cloned BPV DNA must therefore be qst m the pBR322 DNA before it can be used to transfsm mamain cells and thus cannot be used to shuttle genes between mamnniian cels and bacteria.
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We report here the construction and preliminary analysis of BPV plasmids that efficiently transform mouse cells as intact circular DNA molecules which can be recovered by subsequent transformation into bacteria.
METHODS AND MATERIALS Construction-of Plasmids. pBRd was constructed by substituting the Pst I-BamHI small fragment of pBR322 for the corresponding fragment in plasmid pSVOd (6) , which was derived from plasmid pMLRIIG (7), a derivative of pBR322 containing a deletion of a sequence that inhibits simian virus 40 (SV40)-pBR322 DNA replication in monkey cells. The 69% fragment of BPV DNA which is capable of inducing focus formation in mouse cells was excised from pBPVTO9 (5) and inserted into the large HindIII/BamHI fragment of pBRd to generate pBPV-H1l (Fig. 1) .
The cloned 7.6-kilobase (kb) HindIII fragment of the human ,( globin gene cluster (8, 9) was purified by gel electrophoresis and ligated to HindIII-digested pBPV-Hll to generate pBPV-(31 and pBPV-/33. Cells and DNA Transformation. Mouse C127 I cells at low passage were maintained and transformed as described by Sarver et al (3) with the following modifications in the transformation protocol. The calcium phosphate DNA precipitate (total volume, 1 ml) was allowed to form for 30 min at room temperature prior to addition to cells in 9-cm plates containing 10 ml offresh medium. After [6] [7] [8] [9] [10] [11] [12] hr at 370C, the cell monolayers were treated for 3 min with 24% (vol/vol) dimethyl suffoxide in culture medium at room temperature, washed twice with phosphate-buffered saline, and incubated in medium for 12 hr at 370C. The cells were then trypsinized and plated into three 9-cm plates. Cells were provided with fresh medium twice a week, and macroscopic foci were counted [14] [15] [16] [17] [18] (10) through the chloroform extraction step. The DNA was concentrated by several extractions with sec-butanol and dialyzed against 10 mM Tris, pH 8/1 mM EDTA. Gel electrophoresis and blot hybridization were performed by standard techniques (11, 12) .
Preparation ofRNA and S1 Nuclease Analysis. Total cellular RNA was prepared as described by Favaloro et (20) .
RESULTS
Transformation of Mouse Cells with Intact BPV-Plasmid DNA Recombinants. The low transformation efficiency of mouse cells by intact BPV-pBR322 hybrids may result from the inability of DNA linked to pBR322 to replicate efficiently in mammalian cells, as is the case for SV40-pBR322 recombinants in monkey cells. To test this possibility we inserted the 69% fragment of BPV DNA into pBRd, a pBR322 derivative lacking the sequence that inhibits replication of SV40-pBR322 hybrids (7) and tested the ability of the resulting plasmid, pBPV-Hll, to tranform mouse C127 cells. The frequency of focus formation by pBPV-Hll was low unless the BPV and pBRd first were dissociated by restriction endonuclease digestion (Table 1) . Thus, the pBR322 deletion that permits efficient replication of SV40 plasmids in monkey cells does not relieve the block to transformation of mouse cells by plasmids containing the transforming fragment of BPV. Similar results have been obtained by others (P. Howley and M. Botchan, personal communications).
In the course oftesting the transformation efficiency ofother BPV-pBRd recombinants which also contained human DNA, we made the unexpected finding that mouse cells are efficiently transformed by intact circular DNA molecules consisting of the BPV fragment pBRd and a 7.6-kb fragment of DNA containing the human ,B-globin gene (pBPV-31 and -P3). On a molar basis these plasmids induced about 500-fold more foci than did pBPVHll ( (3, 4) . Rarely, additional DNA species homologous to pBPV-H11 were detected in a cell line (e.g., /11C in Fig. 2 ). These species were enriched in low molecular weight DNA prepared from such lines, indicating that the faster-migrating molecules are deleted plasmids; deleted plasmids have also been detected after prolonged passage ofother cell lines which contained only unrearranged molecules upon initial examination (data not shown).
Analysis of fglobin-Specific Transcripts in Transformed Mouse Cells. S1 nuclease mapping demonstrated that the human /3-globin promoter on the BPV plasmids is active in mouse cells. We prepared total cellular RNA from various cell lines and assayed for /3-globin-specific transcripts (14-16). A short, single-stranded, 5'-32P-labeled DNA fragment spanning the 5' end ofthe gene was used as a hybridization probe. S1 nuclease treatment of hybrids formed between this probe and authentic 13-globin mRNA from human cord blood generated a fragment 65 nucleotides long, which maps the 5' end ofthe RNA to the previously determined mRNA cap site (21) . No nuclease-resistant DNA was generated from hybridization reactions containing carrier RNA alone or RNA from the cell line HB3 generated by transformation with the 69% fragment of BPV DNA excised from pBPV-H11 (Fig. 3) . We analyzed two cloned cell lines, ,B5A and ,1B1C, derived from cells transformedby pBPV-/1 and pBPV-,B3, respectively. RNA from these cell lines generated nuclease-resistant fragments 65 nuceotides long in our assay, indicating that both produce correctly initiated 3-globin transcripts. RNA from cell line (35A also generated a fragment the length ofthe probe (141 nucleotides), indicating the production of significant amounts of RNA initiated upstream of the probe fragment. Using other DNA probes, we determined that the ,3-globin-specific RNA produced in ,B5 cells is correctly spliced and has 3' ends mapping at the normal position (data not shown). We (8 ,ug ) from the indicated cell lines was electrophoresed through a 0.7% agarose gel, transferred to nitrocellulose after partial depurination (12) , and hybridized with 32P-labeled pBPV-H11. Proc. Nati. Acad. Sci By assaying the sensitivity ofthe transforming DNA to digestion by Dpn I and Mbo 1 (22), we ruled out the possibility that the BPV plasmids that transform bacteria were contaminants or unreplicated input DNA. Because of differential methylation, plasmids grown in dam' bacteria are sensitive to Dpn I digestion and resistant to Mbo I digestion, whereas DNA from mammalian cells has the opposite sensitivity. If the plasmids recovered in bacteria had replicated in mouse cells, the transforming activity should be resistant to Dpn I and sensitive to Mbo I cleavage. A mixture ofpBR322 and low molecular weight DNA from transformed mouse cells was mock digested or digested with Dpn I or Mbo I. This DNA was then used to transform bacteria to ampicillin resistance (Ampr) and the identity of the resident plasmid was determined by scoring the pattern of resistance to Amp and tetracycline lTet). Dpn I digestion selectively eliminated pBR322 (Ampr Tetr) whereas Mbo I digestion selectively eliminated pBPV-p1 (Ampr Tets) ( The efficiency of plasmid recovery from BPV-transformed mouse cells indicates that passage through animal cells causes no substantial decrease in transforming ability. The presence of the deletion in pBRd may account for this high efficiency of recovery (7) . Inefficient recovery of plasmids after integration into high molecular weight animal cell DNA has been reported after excision and recircularization ofplasmid sequences in vivo (by SV40-induced rescue) or in vitro (1, 28, 29) . Plasmids have also been recovered from mouse cell transformants generated with microinjected DNA, although in this case it was not established whether or not the DNA that transformed bacteria had been integrated into chromosomal DNA (30) .
The efficient recovery of unrearranged plasmids indicates that the BPV-,3globin plasmids described here may be useful 
